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Abstract
The ability to sustain high swimming speeds is believed to be an important factor affecting resource acquisition in fishes.
While we have gained insights into how fin morphology and motion influences swimming performance in coral reef fishes,
the role of other traits, such as body shape, remains poorly understood. We explore the ability of two mechanistic models of
the causal relationship between body fineness ratio and endurance swimming-performance to predict maximum
prolonged-swimming speed (Umax) among 84 fish species from the Great Barrier Reef, Australia. A drag model, based on
semi-empirical data on the drag of rigid, submerged bodies of revolution, was applied to species that employ pectoral-fin
propulsion with a rigid body at Umax. An alternative model, based on the results of computer simulations of optimal shape
in self-propelled undulating bodies, was applied to the species that swim by body-caudal-fin propulsion at Umax. For
pectoral-fin swimmers, Umax increased with fineness, and the rate of increase decreased with fineness, as predicted by the
drag model. While the mechanistic and statistical models of the relationship between fineness and Umax were very similar,
the mechanistic (and statistical) model explained only a small fraction of the variance in Umax. For body-caudal-fin
swimmers, we found a non-linear relationship between fineness and Umax, which was largely negative over most of the
range of fineness. This pattern fails to support either predictions from the computational models or standard functional
interpretations of body shape variation in fishes. Our results suggest that the widespread hypothesis that a more optimal
fineness increases endurance-swimming performance via reduced drag should be limited to fishes that swim with rigid
bodies.
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Introduction
The ability to achieve high prolonged-swimming speeds is an
important factor limiting access to resources in the high-energy
zones of reefs and, as a consequence, variation in this trait can
strongly influence the structure of reef fish communities [1–3] and
the evolution of the underlying morpho-physiological (M-P) traits
that determine endurance-swimming performance [4]. Numerous,
candidate M-P traits potentially affect endurance-swimming
performance. While we have gained insights into how fin shape
can influence swimming speed performance in coral reef fishes
[2,5,6], we lack similar understanding of the possible consequences
of their body shape diversity [4,7,8]. The bodies of the
conspicuous fishes swimming on a coral reef range from laterally
flattened discs to elongated, fusiform hulls (Fig. 1), an axis of
variation that is effectively captured by the fineness ratio (a
measure of how elongate a fish is relative to its transverse sectional
diameter). The perceived association between body fineness and
position above the reef suggests a causal effect of fineness on
endurance-swimming performance and, ultimately, the ability to
inhabit the reef’s high-energy zones [9]. Here, we combine causal
modeling with the comparative method to test the putative causal
effect of fineness on a measure of endurance-swimming perfor-
mance, the maximum prolonged-swimming speed [10,11] in a
community of coral reef fishes from the Great Barrier Reef,
Australia.
The propulsive mechanism of the conspicuous fishes on a coral
reef can be divided into those that power the entire range of
prolonged-swimming speeds using oscillating median and/or
pectoral fins (MPF swimmers) and those that power the higher
end of the prolonged-swimming speed range with body and caudal
fin undulation (BCF swimmers). For the MPF swimmers we use a
model in which maximum prolonged-swimming speed increases as
a function of decreased drag on the body. This ‘‘drag model’’
assumes that the source of drag (the body) and the source of thrust
(the pectoral fins) are distinct, so that the only force on the body
relevant to optimizing fineness is in the direction opposite the
swimming direction. The drag that a biological or human-
engineered motor has to overcome to swim or fly is termed
parasite drag. Some version of the drag model is frequently used to
understand body shape variation in fishes [12–22]. Within this
literature, it is commonly stated that the optimal fineness for
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endurance swimming is 4.5, a value which we refer to as the
traditional drag model. Our employment of the drag model differs
from these previous uses by 1) refining the function of drag on
fineness, 2) explicitly modeling the relationship between drag and
swimming performance, and 3) limiting the model to MPF
swimmers.
In fishes that swim using body-and-caudal-fin undulation (the
BCF swimmers), the sources of drag and thrust are not distinct
since the body is self-propelled (i.e. not propelled by an attached
fin). Consequently, the drag model would not seem to be a
particularly fruitful model to understand body shape variation in
BCF swimmers despite its frequent use for this purpose [12–22].
For fishes the BCF swimmers, we do not have a model that makes
precise quantitative predictions. Instead, we generate a qualitative
relationship between fineness and endurance-swimming perfor-
mance using two published, computational models of the effect of
body shape on endurance swimming performance in self-propelled
undulating bodies [23,24]. Importantly, the computational models
account for forces with components directed behind the fish (drag),
in the direction of swimming (thrust), and in directions normal to
thrust-drag axis. While only drag removes kinetic energy from the
moving fish, the normal forces contribute (with drag) to the wasted
energy total and thus reduce mechanical efficiency. Both thrust
and normal components are important to modeling how fineness
affects prolonged-swimming performance since the latter is a
function of speed and efficiency. We refer to the predictions
generated from these computational models as the ‘‘drag-thrust
model’’.
The drag and drag-thrust models essentially make the same
general prediction: maximum prolonged-swimming speed will
increases with fineness, at least through the range of fineness in our
sample. Our drag model further predicts how the effect of fineness
on performance will weaken as fineness increases. Our drag-thrust
model is not more precise on the shape of the relationship between
fineness and maximum prolonged-swimming speed because the
computational work to derive this shape has not been done. We
test our predictions using species-means of both performance and
morphometric traits collected from a community of coral reef
fishes from the Great Barrier Reef, Australia, an assemblage that
has developed into an important system for integrating laboratory
swimming performance measures into patterns of ecology [1–
3,25–28]. Because our dataset is comprised of a diverse range of
species all measured in the same laboratory with the same
methodology, our broad-scale comparison does not suffer from
inter-lab variance inherit in studies that have compiled data from
the literature [29]. Additionally, our comparison of swimming
performance in real fishes provides a biological complement [30]
to the computational modeling studies of fish body shape-
swimming performance relationships that have recently become
available [23,24,31,32]. The drag model explains a very small
amount of variation in endurance-swimming performance and we
discuss the implications of this. Our BCF results are inconsistent
with the drag-thrust model but consistent with other published
results at more fine-grained taxonomic scales.
Materials and Methods
Ethics statement
This study was carried out in strict accordance with the
protocols approved by the James Cook University Animal
Experimentation Ethics Committee (A656-01). All efforts were
made to minimize animal suffering through careful collection,
handling, and swimming trials based upon the natural rheotaxic
behaviour and self-motivation of individuals.
Derivation of the drag model for pectoral fin swimmers
The drag model has two components: the relationship between
body shape and drag and the relationship between drag and
endurance-swimming performance. We model the relationship
between drag and endurance-swimming performance using
Froude efficiency, which is g~
D U
P
for a motor propelling a rigid
body, where D, U , and P are the total drag on the body, speed of
the body, and total (motor) power averaged over the stroke cycle.
Figure 1. Body shape variation of fishes sampled in this study. The examples show the range of fineness in both pectoral fin (MPF, top row)
and body and caudal fin (BCF, bottom row) swimmers.
doi:10.1371/journal.pone.0075422.g001
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The drag model is a rearrangement of Froude efficiency:
Umax~
gPmax
Dmax
ð1Þ
where, for a fish, max refers to maximum aerobic power and the
maximum speed and drag attainable given this power. The
parasite drag on a body moving at maximum speed is
Dmax~
1
2
rV
2=3 U2maxCD, where r is the density of the fluid, V is
the volume of the body, and CD is the unitless, volume-specific
drag coefficient. Substituting into eq. 1 and re-arranging, we have
Umax~
2gPmax
rV
2
3CD
 !1
3
ð2Þ
The function of CD on fineness, CD(f), has been used to make
general predictions on how swimming performance should vary
with fineness without explicitly relating endurance swimming
performance to CD [12–22]. We explicitly parameterize eq. 2 to
generate very specific predictions of the effect of fineness on
maximum prolonged swimming speed for the MPF swimmers
moving in the laminar (Reynolds number from from 104 to 105)
and transitional (Reynolds number from 105 to 106) flow regimes.
We model CD(f) using equations of semi-empirical estimates of
drag upon rigid bodies of revolution (any body with rotational
symmetry about the long axis) submerged in a fluid flowing at
constant velocity [33]. For an elongate body of revolution,
fineness, f, is the ratio of length to maximum cross sectional
diameter. For a fish with an elliptical cross-section, f is often
defined as ratio of standard length to body depth, a measure that
does not account for varying flattening or eccentricity of the
ellipse. We follow Lighthill [34] and Walker [35] and define
fineness in fish as the ratio of standard length to the equivalent
diameter of a circle with the same perimeter or area as the
maximum cross-section of the fish (details are given below).
The total drag on a submerged body of revolution in a uniform
flow is the sum of skin friction and pressure drag components. Skin
friction drag is a force tangential to the body surface that occurs
because of inter-molecular interactions arising from water
molecules sliding past each other and the body surface. This
friction creates a velocity gradient (normal to the surface) in a thin
region around the body (the boundary layer). At the Reynold’s
number, Re, relevant to the fish in this study, the boundary layer
will likely contain laminar flow [36]. Pressure (or form) drag arises
because of spatial variation in the distribution of pressure normal
to the surface. For a rigid body in a laminar flow, the largest source
of pressure drag is due to the separation of the boundary layer,
which creates a region of low pressure downstream of the point of
separation. To compare the drag on a shape independent of scale,
speed, and fluid density, drag and drag components are typically
normalized as a drag coefficient CD.
The shape of the function CD (f), including the rate of increase of
drag on either side of the optimal fineness, fopt, the location of fopt,
and even the presence of an optimal fineness, is sensitive to several
parameters, including scale of the fluid flow (Reynolds Number),
how size is standardized (for example, by length, wetted area, or
volume), and if Re or speed are held constant for size-standardized
bodies (see Fig. 2). Consequently, there is not a universal, optimal
fineness. Indeed, we use a function in which no fopt exists (that is
the function is monotonically decreasing with increasing f). The
effect of fineness on drag as shape moves away from fopt is
especially noteworthy; for example, it has been noted [37,38] that
while fopt occurs at 4.5 (for transitional flow and constant Re), only
small differences (less than 10%) in drag occur between 3 and 7.
For fishes in this fineness range, fineness-habitat associations may
be dominated by other functional demands on body shape and
fineness-performance associations may be difficult to detect when
the expected signal (the slope of CD(f)) is small.
We use equations from Hoerner’s classic compendium of
empirical drag measures [33] to derive the relationship between
the volume-specific drag coefficient, CD, and f. These equations,
used in many previous models of the effect of shape on swimming
performance [24,38,39], are based on estimates of drag measured
on axially symmetric bodies. The fishes in this study all have
transverse-section that are deeper than wide and, consequently,
our model necessarily assumes the function CD(f) is invariant to
eccentricity of the transverse section.
Predictions of the drag model depend critically on which
equations are used but usage has been variable and confusing. For
example, in his seminal work on fish swimming, which included a
section focusing on the effects of f on swimming performance,
Bainbridge [39] discussed the importance of standardizing by
volume but actually used the equation for frontal-area standard-
ization in the transitional regime (Hoerner eq. 6–31), which gives
fopt near 2.6. In his discussion of the role of f on swimming
performance, Blake noted that fopt is 4.5, which is true for the
transitional regime, volume-specific equation (Hoerner eq. 6–36),
but the only total-drag equation given was that for wetted-area
standardization in the transitional regime (Hoerner eq. 6–28),
which is asymptotic and does not contain an fopt.
For the fishes in this study, Re ranged from 66103 to 86104,
which suggests a laminar boundary layer [36]. For data in the
laminar flow regime, the volume-specific drag coefficient is derived
using equations 6–24 and 6–35 from Hoerner [33]
CD~4 CfzCf
d
l
 3
2
z0:11
d
l
 2" #
l
d
 1
3 ð3Þ
where Cf=1.328Re
20.5, l is body length, d is maximum diameter,
and Re is computed using l as the reference length. For
comparison, we also discuss the volume-specific drag coefficient
for the transitional flow regime, which is modeled by eq. 6–36 in
(Hoerner, 1965),
CD~Cf 4
l
d
 1
3
z6
d
l
 1:2
z24
d
l
 2:7" #
ð4Þ
where Cf=0.427[log10(Re)20.407]
22.64 [33]. We note that using
the derivative of eq. 4 to find the f that minimizes CD yields
fopt = 4.6 (this minimum is effectively the standard fopt used in the
fish literature). However, if we are pursuing the question ‘‘which
body fineness minimizes drag at speed U’’ (that is, we are
developing a model of minimizing drag holding volume and speed
constant), then Re must vary and we cannot simply use the
derivatives of eqs. 3 and 4 to find fopt. To find the f that minimizes
drag for a constant volume and swimming speed but that
(necessarily) differ in Re, we computed CD using eqs. 3 and 4 for
all bodies of equal volume and f ranging between 1 and 20 using
0.1 increments of f. Volume and velocity were set such that, for
bodies with f#10, the Re was between 104 and 105 for the laminar
flow model and between 105 and 106 in the turbulent (or
transitional) model. For the laminar flow model, the input volume
and velocity were 0.000015 m3 and 0.6 mNs21. For the transitional
flow model, the input volume and velocity were 0.001 m3 and
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1.5 mNs21. Diameter was computed as 4V(0.65pf)21/3 [33], where
V is volume and 0.65 is the value of the prismatic coefficient,
which is a measure reflecting the bluntness of the nose and tail of
the modeled body. Length was computed as the product of
fineness and diameter. The CD resulting from these modeled
bodies of revolution that differ in fineness are shown in Fig. 2.
In contrast to the traditional drag model, bodies of constant
volume and speed moving in the laminar flow regime display an
asymptotic CD(f) with no fopt (Fig. 2A). The asymptotic relationship
indicates that the cost of f becomes very small as f increases.
Consistent with the tradition drag model, fopt exists in bodies of
constant volume and speed moving in the transitional flow regime
but the function is very flat above f=3 (Fig. 2B). For our
parameterization of volume and velocity, fopt is 6.2. The CD(f)
curves makes different predictions for fishes swimming in the
laminar versus transitional flow regimes. For laminar flow, the
drag model predicts monotonically increasing endurance swim-
ming performance (Umax) with f, with the slope becoming flatter at
higher f. For transitional flow, the drag model predicts a
performance peak at fopt = 6.2 and, importantly a very small effect
size (slope) at f$4.
We parameterized eq. 2 using the simulated body shape data
above and the body shape data of our fish. For mechanical
efficiency, we use g=0.34, the average of the peak efficiency for
simulated rowing and flapping pectoral fins (0.09 and 0.59,
respectively) [40]. We computed maximum power using
Pmax~P

maxM

muscleM, where the * indicates body mass specific
(that is, the raw measure divided by body mass, M). For the
simulated data, we used M=Vr, where r is the density of water.
For Pmax, we used 16.5 WKg
21, the value reported for the
pectoral fin muscles of the bluegill (Lepomis macrochirus) [41]. We
used Mmuscle =0.019 for relative muscle mass based on the mean
muscle masses reported for the closely related pectoral fin
swimmers in Thorsen and Westneat [42]. Following Jones et al.
[41], we excluded the contributions of m. arrector ventralis and m.
adductor superficialis to the mass of muscle that contributes to
propulsive power. Mass-specific muscle power varies with fiber-
type composition [43]. Consequently our value of mass-specific
power may be high given that the bluegill muscle is composed of
about 55% fast-glycolytic fibers [44] while the MPF swimmers in
this study are likely to be dominated by slow-oxidative fiber types
[45]. We are not too concerned about the precision of our
Figure 2. Performance as a function of fineness for rigid bodies of revolution. CD(f) (left panel) and modeled maximum-prolonged
swimming speed (right panel) for laminar (A) and lower-end of turbulent (transitional) (B) flow. Drag coefficients are standardized using (Vol)2/3 as the
reference area and computed for bodies of equal volume and speed, but differing Reynold’s number (Re). Total (black line), skin friction (dotted red
line) and pressure (thin blue line) components are illustrated. The elliptical figures above the plot are representative midline sections for finenesses of
2, 5, and 10 to show the relative length and depth of bodies of differing fineness but equal volume. The scale of the ordinate differs between (A) and
(B) to emphasize the shape of the curve within each plot.
doi:10.1371/journal.pone.0075422.g002
Body Shape and Endurance-Swimming Performance
PLOS ONE | www.plosone.org 4 October 2013 | Volume 8 | Issue 10 | e75422
parameterization as these values will predominantly affect the
elevation of the function of Umax(f), which is not our goal, but will
have very little effect on the shape of Umax (f), which is our goal.
The computation of Umax using eq. 2 required iteration since a
velocity is required to compute CD (specifically, it is need to
compute Re in order to compute Cf in eqs. 3 and 4). We seeded the
iteration with Umax = two body-lengths/s and used the output
Umax as the input to the next iteration. Using a tolerance (the
difference between input and output Umax) of 0.001, the
computation generally took about four iterations.
Modeled Umax as a function of fineness for MPF swimmers at
104,Re,105 (laminar) and 105,Re,106 (transitional to turbu-
lent) are given in Fig. 2C and Fig. 2D. The slopes of Umax(f) at
different levels of fineness for both laminar and transitional flow
regimes are tabled in Table 1. Qualitative predictions using Umax
or CD are the same but, because Umax is proportional to (CD)
21/3,
the cost of drag is not as severe as when naively comparing CD. For
the laminar model, Umax(f) is monotonically increasing with no
optimal fineness. For our parameterization of the transitional
model, the optimal fineness is 6.3, which is slightly higher than the
optimum that minimizes CD. Minimal exploration of eq. 2 suggests
fopt in the Re range 10
5–6 will be 60.1 unit from 6.3.
Again, the drag model assumes a rigid body propelled by an
external motor. Throughout the range of prolonged swimming
speeds, pectoral fin swimmers maintain very straight, rigid bodies
that do not show any conspicuous passive undulation (known as
flutter), at least in a laboratory water tunnel with laminar flow and
while moving about the reef [2,3,5,35,46]. To a first approxima-
tion then, the boundary layer in MPF swimming fish should be
similar to that on a rigid body-of-revolution and the drag model
should be useful for understanding performance variation in MPF
swimming fish. Computational fluid dynamic models of near body
flow support this assumption [47].
The drag-thrust model for body-caudal swimmers
For body-caudal fin (BCF) swimmers with self-propelled,
undulatory bodies, in which the body acts as the source of thrust,
normal forces, and parasite drag, an alternative model of optimal
fineness that takes into account these additional forces should be
more predictive the drag model. Unfortunately, no such model
exists fully. Instead, we generate predictions using the results of
two computational models of the effect of body shape on
endurance swimming performance [23,24]. Because the two
published results do not comprehensively explore the shape of
the fineness-performance function, our prediction for the BCF
dataset is very general. Before summarizing the model and the
prediction, we first show why the drag-model should not be very
useful for BCF swimmers.
Optimal shape in the drag model is determined by the effect of
fineness on skin-friction and form drag. For externally propelled,
rigid bodies, optimal shapes are more elongate than spherical
because the elongate, tapering body reduces form drag by moving
the point of flow separation posteriorly. However, fishes that swim
by BCF propulsion using axial undulation are self-propelled,
undulating bodies. Flow over self-propelled, undulating bodies
stays attached along the entire length of the body so the only
component of drag is skin-friction [36,48–52]. Indeed, in a self-
propelled undulating body, the net pressure force over a stroke
cycle is in the thrust (and not drag) direction [34,50,53], exactly
opposite that on a rigid body propelled by external motors (either
a towed body or a fish swimming by pectoral fins). In summary,
there is no form drag in a self-propelled undulating body, at least
over the body as a whole and over a complete stroke cycle.
Instead, pressure ‘‘drag’’ contributes to thrust.
A mechanistic model of optimal fineness for BCF swimmers,
then, must account for skin friction drag and pressure forces in the
direction of swimming (thrust) and normal to the swimming axis,
which contributes to wasted energy, reducing mechanical
efficiency. Modeling this optimum is not trivial for multiple
reasons. First, skin-friction in undulating bodies is elevated above
that of rigid-bodies [36,50,54] and we have no simple model of the
magnitude of this amplification as a function of the parameters
controlling undulatory kinematics. Second, there is a substantial
interaction between kinematic parameters and body shape on
swimming performance [23,31,32]. The effect of this interaction
on optimal modeling is exacerbated by the fact that undulatory
kinematics will be a function of both internal stresses from muscle
contraction and the deforming skeleton, including the skin, and
external fluid stresses [55] and fineness will affect both internal and
external stresses. Third, the space of optimal solutions needs to be
limited by available muscle power [24]. Fourth, different aspects of
endurance-swimming performance, such as efficiency (including
Cost of Transport) and maximum sustained-swimming speed,
have different optimal body shapes [23,24,31].
Our predictions for the causal relationship between fineness and
endurance-swimming performance are generated from two
computational models of the effects of body shape on endur-
ance-swimming performance. Chung [23] used computational
fluid dynamic (CFD) simulations to show that momentum capacity
(essentially normalized swimming-speed) increases with fineness in
fishes swimming with a continuous BCF gait, at least up to the
maximum fineness (8.33) occurring in the fishes in the study.
Chung’s model did not account for either available muscle power
or the effect of fineness on flexural stiffness of the body (and thus
swimming kinematics) and, consequently, we do not know how the
results might change given these inputs. In a large simulation
optimizing body shape on endurance-swimming performance
across a broad size range, Tokic and Yue [24] found that the
optimal fineness for maximizing sustained swimming speed in fish
in the size range of those in this study was higher than that
occurring in our data. Importantly, Tokic and Yue’s simulation
Table 1. Relative cost of change in fineness.
Laminar Transitional
f a a’ a a’
1 10.5 1.60 33.8 5.15
2 6.24 0.95 13.5 2.06
3 4.11 0.63 4.74 0.72
4 2.85 0.43 1.71 0.26
5 2.04 0.31 0.57 0.09
6 1.51 0.23 0.09 0.01
7 1.15 0.17 20.12 20.02
8 0.89 0.14 20.23 20.03
9 0.70 0.11 20.27 20.04
10 0.56 0.09 20.29 20.04
Raw (a) and standardized (a’) effects of fineness (f) on Umax for the laminar and
transitional model of rigid-body drag. The coefficients are from a mechanistic
and not regression model, and thus are truly causal (in the world of the model).
The r aw coeffcients are the slopes of the curves in Fig. 3C, D at fineness 1–10.
Except at f= 1, these approximately equal the percent increase in swimming
speed given a unit increase in f. The standardized coefficients are standardized
effect sizes represent the average change (or effect) in standard deviation units.
doi:10.1371/journal.pone.0075422.t001
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modeled both internal and external stresses and limited solutions
by available muscle power. Combined, both computational results
suggest that we should find a positive effect of fineness on
maximum endurance swimming speed but neither simulation
provides the detail necessary to predict the shape of the function
Umax(f). That is, we do not have any prediction for how the effect
of f on Umax should vary among levels of f. We note that these
predictions differ from application of the drag model using
transitional flow to BCF swimmers [56], which predicts an optimal
fineness of 4.6 for bodies moving at equivalent Re or 6.2 for bodies
of equivalent volume or mass.
Swimming speed and morphometrics
Maximum prolonged-swimming speeds are from the published
study by Fulton [3], where the methods of collection are described
fully. Body morphometric data were collected from these same
individuals but not published. Briefly, fishes from 84 species (55
MPF, 29 BCF) were collected on SCUBA on reefs near the Lizard
Island Research Station using an ultra-fine monofilament barrier
net, then transported to aquaria within 2 hrs of capture. After a
minimum 3 hr still-water stabilization prior to testing, all
individuals were speed tested within 36 hrs of capture. A stepwise,
increasing-velocity test was used to estimate maximum prolonged
swimming speed, Umax, in both MPF and BCF swimmers. For the
MPF swimmers, the transition speed, Upc, from steady MPF
propulsion to an unsteady burst-and-glide BCF propulsion was
used as the measure of Umax. For the BCF swimmers, the critical
swimming speed, Ucrit, which is the maximum speed that could be
maintained in the water tunnel, was used as the estimate of Umax.
Following the endurance-swimming speed test, the fish was
anesthetized in 5% clove oil solution then ice-water slurry,
weighed to the nearest 0.1 g, and body dimensions measured to
the nearest 0.1 mm using dial calipers.
The fish in this (and most any) study have non-circular
transverse sections and, consequently, fineness, f, differs in sagittal
(lateral view) and coronal (dorsal view) planes. The frequent
practice of measuring f in lateral view results in an increasingly
misleading value of body shape relevant to drag and thrust
production as the transverse section becomes more eccentric. For
a more relevant value, we computed f as l/de, where l is the
standard length of the fish and de is the equivalent diameter of a
circle of equal area (for MPF swimmers) [35] or equal perimeter
(for BCF swimmers) [54] as the ellipse with major and minor axes
equal to the maximum depth and breadth of the body. For the
MPF swimmers, de is the geometric mean of depth and breadth,
de = (dmax * bmax)
K, which standardizes de by cross-sectional area
and has the effect of giving more weight to the smaller input
diameter. The geometric mean de assumes that the smaller
diameter has more influence on flow separation behavior, such
that very narrow fish will have less separation than expected if f
were calculated with the arithmetic mean. For BCF swimmers, de
is the elliptical mean, de~3 rdzrbð Þ{ rdz3rbð Þ rbz3rdð Þ½ 
1
2,
where rd and rb are
1
2
dmax and
1
2
bmax. The elliptical mean
standardizes by surface area and assumes that flow separation is
effectively zero.
To standardize by a volumetric measure, we used total fish
mass, M. The large effect of propulsive fin shape on prolonged
swimming speeds [2,5,16] will confound results if fin shape is both
statistically correlated with f and contributes to performance.
Therefore, to adjust for fin shape, we used the aspect ratio (AR) of
the pectoral fin (MPF subset) and caudal fin (BCF subset) as
additional predictor variables. Fin AR was calculated from
digitized images of amputated fins as 2*length2/area for pectoral
fins and height2/area for caudal fins, where length and height
were the leading edge length of a single pectoral fin or the vertical
height from tip to tip of the caudal fin [2,57], for a minimum of
three replicate individuals per species (the pectoral fin AR is
doubled to conform to the definition of AR for wings in the
aerodynamics literature). All morphometric measures are given in
Table S1.
Statistical analysis
An ‘‘observational’’ model of effect of fineness on volume-
specific endurance speed was investigated using multiple regres-
sion and model selection methods with logUmax as the response
variable and f, f2, AR, and logM as the predictor variables. BCF
and MPF datasets were analyzed separately. The variables were
mean-centered and standardized to unit variance before entering
into the multiple regression. The quadratic factor, f2, was
computed after centering f but before standardizing to ensure
interpretability of the linear coefficient. We used a model selection
approach to evaluate all combinations of the predictor variables
(without interactions) and ordered model goodness-of-fit by the
small-sample Akaike Information Criterion (AICc) (Hurvich &
Tsai 1989). We retained all models with DAICc#2 [58,59], where
DAICc is the difference between the model’s AICc and the
minimum AICc. Model-averaged beta coefficients were computed
from the retained models using AICc as weights [58]. We
estimated bootstrapped confidence intervals of the beta coefficients
using simple percentiles of model-averaged coefficients from 4999
re-sampled pseudo-datasets. We also report whole-model adjusted
R2 as an easily interpretable measure of goodness-of-fit and
supplement the bootstrap computed confidence intervals of each
effect with the effect P value to guide our confidence in the effect
estimate (we do not strictly interpret an arbitrary alpha as
‘‘significant’’ or ‘‘non-significant’’). We used the statistical com-
puting software R [60] for all statistics.
We used a combination of methods to adjust the degrees of
freedom of the statistical tests due to phylogenetic autocorrelation
of the residual error. We first estimated correlations among the
predictor variables and between the predictor variables and Umax
using phylogenetically independent contrasts [61] using the R
package ape [62]. We used the pgls function from the R package
caper [63] to estimate the beta coefficients using a phylogenetic
generalized least squares (pGLS) regression [64,65]. For each
input model (different combinations of the predictors), we
estimated the phylogenetic weighting parameter, l, of the residuals
using maximum likelihood. Lambda weights the effect of the
expected covariance matrix (given the phylogeny) on the
regression estimates [64,65]. If the l of the residuals is zero, the
pGLS reduces to the ordinary least squares (OLS) regression.
Revell [65] showed that the OLS is a better estimator if l of the
residuals is zero even if the l of the input variables is large. Our
phylogeny is taken from a time-calibrated megaphylogeny analysis
of GenBank data for ray finned fishes (Rabosky et al, in review),
pruned to match the species for which performance and
morphometric data is available. Six species in the performance
data set (Apogon nigrofasciatus, Heniochus singularis, Amblygo-
bius decussatus, Scolopsis bilineatus, Cirrhilabrus punctatus,
Pseudocheilinus hexataenia) were not present in the megaphylo-
geny. In each case we used another species from the same genus to
represent this tip in our comparative analyses.
Results
For our mechanistic model of Umax as a function of fineness, we
parameterized eq. 2 using mean body volume (r M ) and the range
Body Shape and Endurance-Swimming Performance
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of fineness from our MPF data and the values of g and Pmax as for
the simulated data. This modeled Umax is shown as the red line in
Fig. 3A. The points in Fig. 3A are the measured Umax adjusted for
AR and M1/3 using OLS regression. The black line is the quadratic
regression through these adjusted Umax (the ‘‘observational’’
model). The elevation of the modeled (red) curve is somewhat
lucky as this elevation is very sensitive to the choice of g and Pmax.
Again, it is the shape of the curve that we are concerned with. The
slope (a) of Umax(f) for f between 1 and 10 are tabled in Table 1. In
addition to the raw slopes, standardized slopes are given, which
were computed as a’~a
SD(f )
SD(Umax)
where SD() indicates the
standard deviation of f and adjusted Umax for our data.
A quadratic regression of the modeled Umax as a function of the
mean-centered f and f2 yields linear and quadratic coefficients of
2.95 and20.39. A quadratic regression of the adjusted Umax yields
coefficients of 1.59 (1SE: 1.23) and 20.15 (1SE: 0.89). The
mechanistic model is covered by the 95% confidence intervals of
the observational coefficients but so is a null model of no effect. To
measure the goodness of fit of the shape, we re-centered the
modeled Umax to have a mean equal to the mean adjusted Umax.
The percent of the total variance in adjusted Umax explained by
the model is 0.015, which we computed as
R2~1{
VAR(Umax{U^max)
VAR(Umax)
, where and is U^max is the modeled
Umax. To obtain a probability of finding an R
2 of 0.015 under a
null model of no relationship between f and Umax, we permuted
Umax 4999 times, recomputed R
2 for each permutation, and used
the fraction, g, of R2permuted$R
2
observed to compute the probability as
P~
gz1ð Þ
5000
. We found P=0.054.
Within the MPF (pectoral fin propulsor) subset of species, we
found generally moderate correlations among the predictor
variables and between the predictor variables and logUmax for
both the raw variables and the phylogenetically independent
contrasts (PICs), with the exception of the correlation between
pectoral fin aspect ratio (AR) and logUmax, which was very high
(Table 2). Notably, correlations among traits are similar using
either the raw variables or the PICs, with the exception of logM
and pectoral fin AR, which is moderately positive for the raw data
but only trivially positive for the PIC data. Fineness (f) has a
moderately positive correlation with pectoral fin AR and a
moderately negative correlation with logM, while all three
predictor variables have positive correlations with logUmax.
We used model selection and model averaging (as described in
Methods) of the phylogenetic generalized least-squares (PGLS)
regression of all combinations of predictor variables to create a
phenomenological (statistical) model of the effects of aspect ratio
(AR), mass (M), fineness (f), and f2 on Umax. For the MPF
swimmers, two models were within 2 AIC units of the minimum
AICc but we included the third best model, which was 2.14 units
of the minimum AICc, in the computation of the model-averaged
coefficients (Table 3). The best model included f, AR, and logM but
not f2. The second and third best model included AR, logM, and
either both f and f2 (model 3) or neither f and f2 (model 2).
Bootstrap confidence intervals for the coefficients are illustrated in
Fig. 4. Model-averaged coefficients are illustrated with a path
model in Fig. 5A. The model-averaged coefficient for AR (0.77) is
very high for a standardized coefficient. logM has a moderate,
positive effect (bM=0.2). The effect of f is small and positive and
ranges from bf=0.11 at fmin to bf=0.07 at fmax. All of the models
including AR had effectively zero (l,0.0001) phylogenetic signal
in the model residuals. The R2 of the model including all
predictors was 0.819, which is very high for performance data and
largely due to the effect of AR in the model. The R2 of the model
including only AR and logM was 0.804, which suggests that, as
with the mechanistic model, fineness explains very little (,0.015)
of the variation in Umax.
In the BCF (the body-and-caudal-fin propulsors) dataset, f has
moderate to large, negative correlations with caudal fin AR and
logM using either raw or PIC, while caudal fin AR and logM have
moderate to moderately large positive correlation using raw data
and PIC (Table 2). Body fineness f has a moderately large negative
correlation with logUmax, while caudal AR and logM have
moderate to moderately large, positive correlations with logUmax
using the raw data (Table 2). Using the PIC, the correlations
between the predictors and logUmax have the same pattern as with
the raw data but somewhat different magnitudes (Table 2).
For the BCF data, we have no mechanistic model to generate
predicted swimming speeds to compare with the observations.
Consequently, we compare the expected qualitative relationship of
Figure 3. Maximum prolonged-swimming speed as a function of fineness in coral reef fishes. (A) pectoral-fin (MPF) and (B) body and
caudal fin (BCF) subsets. The values are adjusted using the residuals from the regression of Umax on M
1/3 and AR (fin aspect ratio). The red line is the
modeled Umax (eq. 2). The black lines are the quadratic fit of the adjusted Umax on fineness (f).
doi:10.1371/journal.pone.0075422.g003
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fineness and speed to the best statistical models. Four models have
DAICc#2 while a fifth (which we include in the model average) is
within 2.01 of the minimum AICc (Table 3). Model-averaged
coefficients are illustrated with a path model in Fig. 5B. The best
three retained models are the three combinations of f2 and AR
(Table 3), with f2 having a moderate to large negative quadratic
effect and AR having a moderate to large positive effect on
logUmax. The linear effect of fineness is attenuated by the large
quadratic effect (bf2 =20.25); in the retained model with f but
without f2, the linear effect is 20.24. The effect of f2 on logUmax is
negative over the upper three-fourths of the range of f so that the
linear effect of fineness goes from 0.18 at fmin to20.68 at fmax. The
optimal fineness occurs at 2.77. All five best models had effectively
zero phylogenetic signal (l,0.0001) in the model residuals. The
adjusted R2 varies little (0.20–0.23) among the four best models.
Unlike in the MPF subset of species, the estimates of the b
coefficients for all predictors is highly variable across the bootstrap
samples with all 95th percentile boxes crossing zero except that for
caudal fin AR in the BCF group (Fig. 4).
Discussion
Our mechanistic model of Umax as a function of fineness for
fishes powering maximum, prolonged-speeds using the median
and/or pectoral fins (MPF swimmers) predicts different functions
for fishes moving in the laminar versus transitional flow regimes.
Given assumptions of the mechanistic model, we applied the
model only to the subset of fishes that power swimming by
oscillating pectoral fins (MPF swimmers) throughout their range of
prolonged-swimming speeds. The laminar-regime mechanistic
model predicted swimming speed about as well as an empirically
fit regression. Indeed the shape of the mechanistic model and the
statistical (observational) model (Fig. 3) are close in appearance.
Nevertheless, both the mechanistic and statistical model explained
only a small fraction of the variance in Umax. For the fishes that
power their highest prolonged-swimming speeds by axial undula-
tion (BCF swimmers), we used multiple regression to generate a
causal model and compared the direction of the coefficients to the
results of published recent computational models of BCF
swimming dynamics and energetics. These two modes of inferring
causal association rely on very different sets of assumptions. In the
following discussion, we address these points one by one.
The drag model
Some version of the drag-model has been used repeatedly in the
fish (and other animal) swimming literature, generally without
much discussion on the scale of the focal fish relative to that of the
drag model employed, or to the relevance of the shape of the
function of drag (or CD) on fineness, or to the assumptions of the
model relative to types of forces on swimming bodies. Exceptions
include the observation that fineness should have only a small
effect on drag (and swimming performance) over the middle to
upper range of fineness in fishes [37,38], the effect of high
Reynolds Number (Re) on optimal fineness [66], and the explicit
test of the theoretical optimal fineness using comparative
performance data [56].
The shape of the function Umax(f) is sensitive to the model of the
drag coefficient (CD), which, in turn, depends on scale (or Re). We
used a very simple model of scale effects in which a single function
(eq. 3) was used for Re at the upper end of the laminar regime (104–
5) and a separate function (eq. 4) was used at the lower end of the
turbulent (or transitional) regime (105–6). The difference in how the
effect (slope) changes with f between the two models is noteworthy.
Few papers have explicitly cited a fineness optimum and those that
have implicitly used a transitional-regime model to interpret
swimming or habitat data despite the smaller scale of their focal
fish [16,56,67,68]. Our results show that these studies are
generating a poor prediction by not modeling drag in the laminar
regime. In the range of Re of the test fishes in these studies, no
fineness optimum exists in the fineness range 1–10 (indeed, it does
not exist at all). Our model of Umax(f) in the transitional regime is
qualitatively consistent with previous models [37,38] of CD(f), that
is, these functions are close to flat above f=3 (Fig. 2, Table 1). By
modeling Umax and not just CD, we can estimate the ability to
detect an effect over some range of fineness. The standardized
coefficients (Table 1) suggest that an effect of fineness should be
readily detectable with moderate (N= 50–100) sample sizes for
fishes swimming in the laminar regime, if the range includes fish
with f,7. Even for fish in the fineness range 7–10, a fineness effect
should be detectable with larger (N=100–1000) sample size. By
Table 2. Correlations among predictor variables and between predictor variables and maximum prolonged swimming speed,
Umax.
a) MPF swimmers
f AR logM logUmax
f 0.25 20.34 0.28
AR 0.33 0.01 0.8
logM 20.23 0.39 0.2
logUmax 0.34 0.89 0.47
b) BCF swimmers
f AR logM logUmax
f 20.6 20.36 20.17
AR 20.50 0.51 0.31
logM 20.15 0.31 0.38
logUmax 20.43 0.50 0.17
The coefficients are the bivariate Pearson product-moment correlation among raw variables (below diagonal) and phylogenetically independent contrasts (above
diagonal). The predictor variables are f (body fineness ratio), AR (propulsive fin aspect-ratio), and logM (body mass).
doi:10.1371/journal.pone.0075422.t002
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contrast, for fish swimming in the transitional regime, if the sample
mostly contains individuals with f.4 (and especially f.5), the
effect of f on Umax will be very hard to detect even with very large
(N.1000) sample size. An assumption of any estimate of effect size
from comparative data, of course, is that the estimate is not biased
by unmeasured variables correlated with both fineness and
swimming performance. We discuss this below in the conclusions.
Fineness and prolonged swimming performance in
pectoral fin swimmers
Within MPF swimmers, the relationship between f and
endurance-swimming performance in the wild type threespine
stickleback (Gasterosteus aculeatus) are largely consistent across
studies and with the drag model: stickleback populations with finer
bodies have higher endurance speeds [69–71]. However, these
three studies are possibly confounded by the two-species compar-
ison [72], and we note that inter-individual comparisons (which
minimize problems of a two-species comparison) on lab-reared F1
stickleback have been ambiguous. For instance, Hendry et al. [73]
found slight evidence for a negative relationship between fineness
and prolonged-swimming performance among populations and
within one of two populations. Conversely, Dalziel et al. [74]
found evidence for a positive association between fineness and
endurance performance within only one of two populations. When
adjusting for multiple factors that might regulate endurance-
swimming performance, however, Dalziel et al. [97] found very
small effect sizes at the inter-individual level.
Our comparison of predicted Umax from the drag model with a
large comparative dataset at a broad phylogenetic scale both
minimizes issues of two-species comparisons and nicely comple-
ments the work on sticklebacks. Through comparing Umax over a
wide range of f, we were able to more precisely test the drag model
prediction of a curved performance surface. Despite the large
standard errors of the estimated regression coefficients of f and,
especially f2, our statistically modeled curve is close to, but slighter
flatter than, the mechanistically modeled curve (Fig. 3). Indeed,
the large standard error of bf2 is very weak statistical evidence of a
curved performance surface, despite the sign and magnitude of the
coefficient close to its predicted value from the mechanistic model.
In the sense that our statistical model and mechanistic model
generated similar coefficients for f2 despite the large standard
errors, we were lucky. This effectively illustrates a difficulty with
inferring causal relationships using comparative, observational
data.
Figure 4. Box-percentile plots of the distribution of model-
averaged b coefficients. The distribution is from 5000 bootstrap
samples of maximum prolonged-swimming speed (logUmax) regressed
on the predictor variables. For each bootstrapped pseudosample, the
model-averaged b coefficients were computed from all retained
(AICc$min(AICc)+2) models in which the variable was included in the
model. The outer, intermediate, and inner boxes represent the 95%,
75%, and 50% confidence intervals, respectively. The dashed line
represents the median and the dot represents the observed value
(Table 3). The scale of the ordinate is the same between (A) and (B) to
emphasize the greater variance in the estimates in the BCF subset.
Predictor variables are logM (body Mass), AR (propulsive fin aspect-
ratio), f (body fineness ratio), and f2.
doi:10.1371/journal.pone.0075422.g004
Figure 5. Path model of effect of predictor variables on
maximum prolonged-swimming speed (logUmax). (A) pectoral
fin (MPF) and (B) body and caudal fin (BCF) subset of coral reef fish
species. Predictor variables are f (body fineness ratio), f2, AR (propulsive
fin aspect-ratio), and logM (body mass). The linear and quadratic effects
of f are combined to give the range of the effect from the fmin to fmax.
The b coefficient (the number above the directed path) for each
predictor is the model-averaged (standard partial regression) coeffi-
cients as described in the text. Correlations among predictors are given
next to the bi-directional path.
doi:10.1371/journal.pone.0075422.g005
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The ability to detect a quadratic effect of fineness depends on
the range of fineness in the sample, since the signal (effect size) to
noise (error from the statistical model) decreases with increasing
fineness. The range of fineness, in turn, depends on our model
mapping fineness in non-axisymmetric to axisymmetric bodies
(that is, do we use the geometric, or elliptical, or some other mean
of maximum breadth and depth as our diameter ‘‘equivalent’’ to a
circle). To see this, we start with the assumption that the
consequences of flow separation on a rigid body should become
increasingly trivial as the transverse sectional depth to breadth
ratio increases (a measure of frontal narrowness). Indeed, we
would expect there to be a depth to breadth ratio above which the
body acts more like a flat plate oriented parallel to the flow. We
used the geometric mean of body depth and breadth to estimate
the equivalent diameter of an axisymmetric body. The geometric
mean weights the smaller dimension (breadth) more heavily,
effectively shifting our fish to a ‘‘finer’’ shape than if the equivalent
diameter were computed using the arithmetic mean. The
magnitude of the shift increases with the eccentricity of the
transverse section, such that very narrow fish bodies are expected
to behave as very fine bodies regardless of the length to depth
ratio. The right shift in fineness means that we would expect less of
a quadratic effect than if we had used the arithmetic mean
diameter. If the geometric mean undershifts the fineness (that is,
the geometric mean does not weight the smaller radius enough),
then even a perfectly estimated f and f2 would appear underes-
timated relative to the mechanistic values. Given our standard
errors, we cannot evaluate this component of error.
The preceding discussion assumes that the mechanistic model
effectively captures the major features of the flow over a rigid fish
body propelled by oscillating pectoral (or median) fins and how
this flow changes with fineness. Differences between modeled and
real flow could arise as a consequence of an interaction between
the wake of the oscillating fins and the boundary layer on the body
and how this interaction changes with fineness. Thrust-generating
caudal fins of carangiform and thuniform swimmers create a jet
that delays separation of the boundary layer or reattaches
separated flow, severely depressing pressure drag [75,76]. The
consequences of this fin-induced delay in separation is the same as
with a thrust-producing undulating body: except for extremely
bluff bodies, pressure drag should be effectively eliminated. Unlike
an oscillating caudal fin that is inline with the flow around the
body, narrow-based pectoral fins generate most of the thrust
distally well-outside of the body’s boundary layer [47,77]. As a first
approximation then, the near-body flow over a fish propelling a
rigid body with pectoral fins should be similar to that over a rigid
body of revolution, which suggests that f should be able to predict
relative swimming performance if unmeasured traits do not mask
this relationship.
Given that finer bodies are more optimal for faster prolonged
swimming speeds using MPF propulsion, the relatively few MPF
fishes with a high f raises the possibility that functional trade-offs
are limiting the repeated evolution of a high f phenotype. Fineness
potentially affects many performance traits [4] that contribute to
fitness on a coral reef, including the ability to burrow in reef
sediment, maneuver among complex coral structure [78], signal to
mates and competitors, and avoid predators while responding to
rapidly changing hydrodynamic conditions [79]. In order to
understand the complexity of how these functional demands shape
the evolution of diversity of fish body shapes on a coral reef, we
need better models of the functional consequences of body shape
variation in combination with empirical data obtained under both
laboratory and field conditions that acknowledge the biological
and ecological contexts within which species are operating
(including aspects such as foraging mode and reproductive status).
Fineness and endurance-swimming performance in the
BCF swimmers
The idea that a more streamlined or fusiform body reduces drag
during steady, rectilinear swimming and consequently, increases
endurance-swimming performance, permeates the literature on
fish functional ecology and evolution [12–22,68,70,80–85]. In
support of this idea is the relatively consistent association between
more optimal fineness and high-flow or open-water habitat [56,86]
and between endurance performance and open-water habitat [7].
In support of these patterns, recent computational modeling of
self-propelled, undulating fish bodies predict a positive effect of
Table 3. Regression statistics of maximum prolonged-swimming speed on predictor variables.
MPF subset
AICc bf P(f) bf2 P(f
2) bAR P(AR) blogM P(logM) AdjR
2
70.07 0.14 0.051 - - 0.76 ,0 0.21 0.004 0.81
71.88 - - - - 0.82 ,0 0.15 0.025 0.80
72.21 0.17 0.067 20.043 0.61 0.76 ,0 0.21 0.004 0.80
BCF subset
AICc bf P(f) bf2 P(f
2) bAR P(AR) blogM P(logM) AdjR
2
77.38 - - 20.50 0.006 - - - - 0.22
77.47 - - - - 0.50 0.006 - - 0.22
77.79 - - 20.31 0.17 0.30 0.18 - - 0.25
78.20 20.24 0.21 - - 0.38 0.06 - - 0.24
79.39 - - 20.57 0.008 - - 20.13 0.51 0.21
Estimates from phylogenetic generalized least squares regression with l estimated by maximum likelihood (l is a parameter that controls the influence of the
phylogenetic variance-covariance matrix on the estimates). In all models in both datasets, l was less than 0.0001, indicating that the resulting GLS regression was
reduced to an OLS regression. The b are standard partial regression coefficients, P is the probability of the effect. AICc is the small sample size corrected Akaike
Information Criterion. AdjR2 is the R2 adjusted for the number of parameters in the model. The predictor variables are f (body fineness ratio), f2, AR (propulsive fin aspect-
ratio), and logM (body mass). The model-averaged regression coefficients are given in Fig. 5.
doi:10.1371/journal.pone.0075422.t003
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fineness on maximum prolonged-swimming speed across the range
of f in this study, although available simulation results do not allow
us to predict the size or shape of this effect across the range of f.
Nevertheless, our comparative results our inconsistent with these
predictions and with the habitat-shape associations. Indeed, our
results give moderate evidence for a negative association between
fineness and maximum prolonged-swimming speed across most (if
not all) of the range of fineness among the BCF swimmers in our
data. Interestingly, our results are consistent with other direct
comparisons of fineness and prolonged-swimming performance.
Unfortunately, in the only other comparison at a broad
phylogenetic scale, Fisher & Hogan [16] showed that fineness
adds little to the ability to predict prolonged-swimming speed after
adjusting other morphometric measures in juvenile reef fishes that
comprise both MPF and BCF swimmers but do not give the value
of the regression coefficient. Comparisons among individuals
within a population or among ecotypes within a species have
found, with few exceptions [87], either trivially small associations
or a negative associations between fineness and endurance-
swimming performance [13,83,84,88–90]. These results suggest
that any causal mechanism linking fineness and habitat in BCF
swimming fishes may not be via the effect of fineness on
prolonged-swimming performance.
Conclusions
A major goal of much of comparative methodology is to infer
function, or the effect of morphology on performance, using the
sign and magnitude of regression coefficients. Unfortunately,
regression is not up to this task except in extremely limiting cases.
If a regression model fails to include all underlying variables that
are both correlated with the measured variables and causally
associated with performance via some path other than the
measured variables, the regression coefficients of the measured
variables are biased. This omitted-variable (or specification) bias is
addressed extensively in the econometrics and epidemiology
literature [91–93] but is, at best, perfunctorily acknowledged in
the plant and animal function literature (or the ecology and
evolution literature more generally) [94,95]. The bias can both
mask (drive coefficients toward zero) and augment (move
coefficients away from zero) real effects [96]. Adding more
variables to the model can increase as well as decrease the bias.
Consequently, while some suggest that some information is better
than none [94], in fact it’s not if one’s goal is causal interpretation
of the coefficients. The value of the combination of comparative
data and some mechanistic model, then, is not as an empirical
‘‘test’’ or ‘‘validation’’ of a model, which it cannot do, but as
means of empirically quantifying how much variation in some trait
(such a endurance-swimming performance) can be explained by
one or more causal factors.
For our MPF dataset, fineness explains only a small fraction of
the variation in size-specific endurance swimming performance in
fishes swimming by pectoral fin propulsion even after adjusting for
body size and pectoral fin aspect ratio. This pattern suggests, not
surprisingly, that Umax is determined by multiple underlying
factors, including unmeasured traits such as cardiac ventricle size,
gill surface area, and various properties of the pectoral fin muscle
including gearing, size, and enzyme activities [97]. If many factors
affect function and these factors are not highly correlated with
each other then the standardized effect size of most of these factors
must be small (,0.1). While small effects are difficult to detect,
they have evolutionary if not ecological relevance since very small
selection differentials operating over thousands of generations can
easily move mean phenotypes several standard deviations from
some starting value [98]. For MPF fishes moving in the transitional
regime, much of the performance space (Umax(f)) is shallow enough
that drag minimization during steady swimming should have very
little influence on the direction of evolution of body shape.
Supporting Information
Table S1 Morphometric and performance data for the 55
pectoral fin swimmers and 29 body-and-caudal fin swimmers.
(DOCX)
Acknowledgments
The authors thank: M. Triantayfyllou, I. Borazjani, D. Bellwood and M-H
Chung for several illuminating discussions although all interpretations of
the fluid dynamic literature are strictly those of the first author; A. Thomas,
A. Hoey, T. Sunderland and Lizard Island Research Station staff for field
and laboratory assistance; and multiple anonymous reviewers for their
critical comments that greatly improved the manuscript. All research was
conducted under the methods approved by the James Cook University
Animal Experimentation Ethics Committee (A656-01). Data collection was
conducted at Jiigurru, traditional sea country of the Dingaal people.
Author Contributions
Conceived and designed the experiments: JAW CJF. Performed the
experiments: JAW CJF MMN. Analyzed the data: JAW MEA.
Contributed reagents/materials/analysis tools: JAW CJF MMN MEA.
Wrote the paper: JAW CJF MMN MEA.
References
1. Fulton CJ, Bellwood DR, Wainwright PC (2001) The relationship between
swimming ability and habitat use in wrasses (Labridae). Mar Biol 139: 25–33.
doi:10.1007/s002270100565.
2. Fulton CJ, Bellwood DR, Wainwright PC (2005) Wave energy and swimming
performance shape coral reef fish assemblages. Proc R Soc Lond B Biol Sci 272:
827–832. doi:10.1098/rspb.2004.3029.
3. Fulton CJ (2007) Swimming speed performance in coral reef fishes: field
validations reveal distinct functional groups. Coral Reefs 26: 217–228.
doi:10.1007/s00338-007-0195-0.
4. Walker JA (2010) An integrative model of evolutionary covariance: a symposium
on body shape in fishes. Integr Comp Biol 50: 1051–1056.
5. Walker JA, Westneat MW (2002) Performance limits of labriform propulsion
and correlates with fin shape and motion. J Exp Biol 205: 177–187.
6. Fulton CJ, Johansen JL, Steffensen JF (2013) Energetic extremes in aquatic
locomotion by coral reef fishes. PLoS ONE. doi:10.1371/journal.po-
ne.0054033.g001.
7. Domenici P (2003) Habitat, body design and the swimming performance of fish.
Vertebrate biomechanics and evolution 1: 137–160.
8. Blake RW (2004) Fish functional design and swimming performance. J Fish Biol
65: 1193–1222.
9. Hobson ES, Chess JR (1978) Trophic relationships among fishes and plankton in
the lagoon at Enewetak Atoll, Marshall Islands. Fishery Bulletin 76.
10. Brett JR (1964) The respiratory metabolism and swimming performance of
young sockeye salmon. Journal of the Fisheries Research Board of Canada 21:
1183–1226.
11. Plaut I (2001) Critical swimming speed: its ecological relevance. Comp Biochem
Physiol, Part A Mol Integr Physiol 131: 41–50.
12. Pettersson LB, Hedenstro¨m A (2000) Energetics, cost reduction and functional
consequences of fish morphology. Proc R Soc Lond B Biol Sci 267: 759–764.
doi:10.1098/rspb.2000.1068.
13. Boily P, Magnan P (2002) Relationship between individual variation in
morphological characters and swimming costs in brook charr (Salvelinus fontinalis)
and yellow perch (Perca flavescens). J Exp Biol 205: 1031–1036.
14. Peres-Neto PR, Magnan P (2004) The influence of swimming demand on
phenotypic plasticity and morphological integration: a comparison of two
polymorphic charr species. Oecologia 140: 36–45. doi:10.1007/s00442-004-
1562-y.
15. Ohlberger J, Staaks G, Ho¨lker F (2006) Swimming efficiency and the influence
of morphology on swimming costs in fishes. J Comp Physiol B, Biochem Syst
Environ Physiol 176: 17–25. doi:10.1007/s00360-005-0024-0.
Body Shape and Endurance-Swimming Performance
PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | e75422
16. Fisher R, Hogan JD (2007) Morphological predictors of swimming speed: a case
study of pre-settlement juvenile coral reef fishes. J Exp Biol 210: 2436–2443.
doi:10.1242/jeb.004275.
17. Fischer-Rousseau L, Chu KP, Cloutier R (2010) Developmental plasticity in fish
exposed to a water velocity gradient: a complex response. J Exp Zool 314: 67–
85. doi:10.1002/jez.b.21311.
18. Pakkasmaa S, Piironen J (2000) Water velocity shapes juvenile salmonids.
Evolutionary Ecology 14: 721–730.
19. Mcguigan K, Franklin CE, Moritz C, Blows MW (2003) Adaptation of rainbow
fish to lake and stream habitats. Evolution 57: 104–118.
20. Langerhans RB, Gifford ME, Joseph EO (2007) Ecological speciation in
Gambusia f ishes. Evolution 61: 2056–2074. doi:10.1111/j.1558-
5646.2007.00171.x.
21. Langerhans RB (2009) Morphology, performance, fitness: functional insight into
a post-Pleistocene radiation of mosquitofish. Biology Letters 5: 488–491.
doi:10.1098/rsbl.2009.0179.
22. Langerhans RB (2009) Trade-off between steady and unsteady swimming
underlies predator-driven divergence in Gambusia affinis. J Evolution Biol 22:
1057–1075.
23. Chung M (2009) On burst-and-coast swimming performance in fish-like
locomotion. Bioinspir Biomim 4: 036001.
24. Tokic G, Yue DKP (2012) Optimal shape and motion of undulatory swimming
organisms. Proc R Soc Lond B Biol Sci 279: 3065–3074. doi:10.1098/
rspb.2012.0057.
25. Fulton CJ, Bellwood DR (2004) Wave exposure, swimming performance, and
the structure of tropical and temperate reef fish assemblages. Mar Biol 144: 429–
437. doi:10.1007/s00227-003-1216-3.
26. Bellwood DR, Wainwright PC, Fulton CJ, Hoey A (2002) Assembly rules and
functional groups at global biogeographical scales. Funct Ecol 16: 557–562.
27. Johansen JL, Bellwood DR, Fulton CJ (2008) Coral reef fishes exploit flow
refuges in high-flow habitats. Mar Ecol: Prog Ser 360: 219–226.
28. Hoey AS, Bellwood DR (2009) Limited functional redundancy in a high
diversity system: single species dominates key ecological process on coral reefs.
Ecosystems 12: 1316–1328. doi:10.1007/s10021-009-9291-z.
29. Hammer C (1995) Fatigue and exercise tests with fish. Comp Biochem
Physiol A Comp Physiol 112: 1–20.
30. Biewener AA, Dickinson MH, Lauder GV (2012) Editorial policy on
computational, simulation and/or robotic papers. J Exp Biol 215: 4051–4051.
doi:10.1242/jeb.081794.
31. Borazjani I, Sotiropoulos F (2010) On the role of form and kinematics on the
hydrodynamics of self-propelled body/caudal fin swimming. J Exp Biol 213: 89–
107. doi:10.1242/jeb.030932.
32. Tytell ED, Borazjani I, Sotiropoulos F, Baker TV, Anderson EJ, et al. (2010)
Disentangling the functional roles of morphology and motion in the swimming
of fish. Integr Comp Biol 50: 1140–1154. doi:10.1093/icb/icq057.
33. Hoerner SF (1965) Fluid-Dynamic Drag. Published by the Author.
34. Lighthill MJ (1971) Large-amplitude elongated-body theory of fish locomotion.
Proc R Soc Lond B Biol Sci 179: 125–138. doi:10.1098/rspb.1971.0085.
35. Walker JA (2004) Dynamics of pectoral fin rowing in a fish with an extreme
rowing stroke: the threespine stickleback (Gasterosteus aculeatus). J Exp Biol 207:
1925–1939.
36. Anderson E, McGillis W, Grosenbaugh MA (2001) The boundary layer of
swimming fish. J Exp Biol 204: 81–102.
37. Ware DM (1982) Power and evolutionary fitness of teleosts. Can J Fish Aquat Sci
39: 3–13.
38. Blake RW (1983) Fish Locomotion. Cambridge: Cambridge University Press.
39. Bainbridge R (1960) Speed and stamina in three fish. J Exp Biol 37: 129–153.
40. Walker JA, Westneat MW (2000) Mechanical performance of aquatic rowing
and flying. Proc R Soc Lond B Biol Sci 267: 1875–1881. doi:10.1098/
rspb.2000.1224.
41. Jones EA, Lucey KS, Ellerby DJ (2007) Efficiency of labriform swimming in the
bluegill sunfish (Lepomis macrochirus). J Exp Biol 210: 3422–3429. doi:10.1242/
jeb.005744.
42. Thorsen DH, Westneat MW (2004) Diversity of pectoral fin structure and
function in fishes with labriform propulsion. J Morphol 263: 133–150.
doi:10.1002/(ISSN)1097-4687.
43. Ashley-ross MA (2002) Mechanical properties of the dorsal fin muscle of
seahorse (Hippocampus) and pipefish (Syngnathus). J Exp Zool 293: 561–577.
doi:10.1002/jez.10183.
44. Luiker EA, Stevens ED (1993) Effect of stimulus train duration and cycle
frequency on the capacity to do work in the pectoral fin muscle of the
pumpkinseed sunfish, Lepomis gibbosus. Can J Zool 71: 2185–2189.
45. Davison W (1994) Exercise training in the banded wrasse Notolabrus fucicola affects
muscle fibre diameter, but not muscle mitochondrial morphology. New Zealand
Natural Sciences 21: 11–16.
46. Korsmeyer KE, Steffensen JF, Herskin J (2002) Energetics of median and paired
fin swimming, body and caudal fin swimming, and gait transition in parrotfish
(Scarus schlegeli) and triggerfish (Rhinecanthus aculeatus). J Exp Biol 205: 1253–1263.
47. Ramamurti R, Sandberg WC, Lo¨hner R, Walker JA, Westneat MW (2002)
Fluid dynamics of flapping aquatic flight in the bird wrasse: three-dimensional
unsteady computations with fin deformation. J Exp Biol 205: 2997–3008.
48. Taneda S, Tomonari Y (1974) An experiment on the flow around a waving
plate. Journal of the Physical Society of Japan 36: 1683–1689.
49. Shen L, Zhang X, Yue DKP, Triantafyllou MS (2003) Turbulent flow over a
flexible wall undergoing a streamwise travelling wave motion. J Fluid Mech 484:
197–221. doi:10.1017/S0022112003004294.
50. Borazjani I, Sotiropoulos F (2008) Numerical investigation of the hydrodynamics
of carangiform swimming in the transitional and inertial flow regimes. J Exp Biol
211: 1541–1558. doi:10.1242/jeb.015644.
51. Borazjani I, Sotiropoulos F (2009) Numerical investigation of the hydrodynamics
of anguilliform swimming in the transitional and inertial flow regimes. J Exp Biol
212: 576–592. doi:10.1242/jeb.025007.
52. Kunze S, Bru¨cker C (2010) Flow control over an undulating membrane. Exp
Fluids 50: 747–759. doi:10.1007/s00348-010-0981-2.
53. Reid DA, Hildenbrandt H, Padding J, Hemelrijk C (2012) Fluid dynamics of
moving fish in a two-dimensional multiparticle collision dynamics model. Phys
Rev E 85: 021901. doi:10.1103/PhysRevE.85.021901.
54. Lighthill JM (1975) Mathematical Biofluiddynamics. Society for Industrial and
Applied Mathematics. 1 pp.
55. Tytell ED, Hsu C-Y, Williams TL, Cohen AH, Fauci LJ (2010) Interactions
between internal forces, body stiffness, and fluid environment in a neuromecha-
nical model of lamprey swimming. Proc Natl Acad Sci USA 107: 19832–19837.
doi:10.1073/pnas.1011564107.
56. Langerhans RB, Reznick DN (2010) Ecology and evolution of swimming
performance in fishes: predicting evolution with biomechanics. In: Domenici P,
Kapoor BG, editors. Fish Locomotion: An Etho-Ecological Perspective. Enfield:
Science Publishers. pp. 200–248.
57. Sambilay VC Jr (1990) Interrelationships between swimming speed, caudal fin
aspect ratio and body length of fishes. Fishbyte 8: 16–20.
58. Burnham K, Anderson D (2004) Multimodel inference: understanding AIC and
BIC in model selection. Sociological Methods & Research 33: 261–304.
59. Richards S (2005) Testing ecological theory using the information-theoretic
approach: examples and cautionary results. Ecology 86: 2805–2814.
60. R Development Core Team (2011) R: A language and environment for
statistical computing. Comprehensive R Archive Network Website. Available:
http://www.R-project.org/. Accessed 2013 August 21.
61. Felsenstein J (1985) Phylogenies and the comparative method. Am Nat 125: 1–
15.
62. Paradis E, Claude J, Strimmer K (2004) APE: Analyses of Phylogenetics and
Evolution in R language. Bioinformatics 20: 289–290. doi:10.1093/bioinfor-
matics/btg412.
63. Orme D, Freckleton R, Thomas G, Petzoldt T, Fritz S, et al. (2012) caper:
Comparative Analyses of Phylogenetics and Evolution in R. Comprehensive R
Archive Network Website. Available: http://CRAN.R-project.org/
package= caper. Accessed 2013 August 21.
64. Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and
comparative data: a test and review of evidence. Am Nat 160: 712–726.
doi:10.1086/343873.
65. Revell LJ (2010) Phylogenetic signal and linear regression on species data.
Methods in Ecology and Evolution 1: 319–329. doi:10.1111/j.2041-
210X.2010.00044.x.
66. Ahlborn BK, Blake RW, Chan KHS (2009) Optimal fineness ratio for minimum
drag in large whales. Can J Zool 87: 124–131.
67. Nanami A (2007) Juvenile swimming performance of three fish species on an
exposed sandy beach in Japan. Journal of Experimental Marine Biology and
Ecology 348: 1–10. doi:10.1016/j.jembe.2007.02.016.
68. Schaefer J, Duvernell D, Kreiser B (2011) Shape variability in topminnows
(Fundulus notatus species complex) along the river continuum. Biol J Linn Soc
103: 612–621.
69. Taylor EB, McPhail JD (1986) Prolonged and burst swimming in anadromous
and freshwater threespine stickleback, Gasterosteus aculeatus. Can J Zool 64: 416–
420.
70. Blake R, Law T, Chan K, Li J (2005) Comparison of the prolonged swimming
performances of closely related, morphologically distinct three-spined stickle-
backs Gasterosteus spp. J Fish Biol 67: 834–838.
71. Tudorache C, Blust R, De Boeck G (2007) Swimming capacity and energetics of
migrating and non-migrating morphs of three-spined stickleback Gasterosteus
aculeatus L. and their ecological implications. J Fish Biol 71: 1448–1456.
72. Garland T Jr, Adolph S (1994) Why not to do two-species comparative studies:
Limitations on inferring adaptation. Phys Zool 67: 797–828.
73. Hendry AP, Hudson K, Walker JA, Ra¨sa¨nen K, Chapman LJ (2011) Genetic
divergence in morphology-performance mapping between Misty Lake and inlet
stickleback. J Evolution Biol 24: 23–35. doi:10.1111/j.1420-9101.2010.02155.x.
74. Dalziel AC, Vines TH, Schulte PM (2012) Reductions in prolonged swimming
capacity following freshwater colonization in multiple threespine stickleback
populations. Evolution 66: 1226–1239. doi:10.1111/j.1558-5646.2011.01498.x.
75. Techet AH, Hover FS, Triantafyllou MS (2003) Separation and turbulence
control in biomimetic flows. Flow, Turbulence and Combustion 71: 105–118.
76. Triantafyllou MS, Techet AH, Hover FS (2004) Review of Experimental Work
in Biomimetic Foils. IEEE J of Ocean Eng 29: 585–594. doi:10.1109/
JOE.2004.833216.
77. Webb PW, Cotel AJ (2010) Turbulence: does vorticity affect the structure and
shape of body and fin propulsors? Integr Comp Biol 50: 1155–1166.
doi:10.1093/icb/icq020.
78. Gerstner CL (1999) Maneuverability of four species of coral-reef fish that differ
in body and pectoral-fin morphology. Can J Zool 77: 1102–1110.
Body Shape and Endurance-Swimming Performance
PLOS ONE | www.plosone.org 12 October 2013 | Volume 8 | Issue 10 | e75422
79. Heatwole SJ, Fulton CJ (2012) Behavioural flexibility in reef fishes responding to
a rapidly changing wave environment. Mar Biol. doi:10.1007/s00227-012-2123-
2.
80. Collin H, Fumagalli L (2011) Evidence for morphological and adaptive genetic
divergence between lake and stream habitats in European minnows (Phoxinus
phoxinus, Cyprinidae). Mol Ecol 20: 4490–4502. doi:10.1111/j.1365-
294X.2011.05284.x.
81. Haas TC, Blum MJ, Heins DC (2010) Morphological responses of a stream fish
to water impoundment. Biology Letters 6: 803–806. doi:10.1098/
rsbl.2010.0401.
82. Sagnes P, Statzner B (2009) Hydrodynamic abilities of riverine fish: a functional
link between morphology and velocity use. Aquatic Living Resources 22: 79.
83. Oufiero CE, Walsh MR, Reznick DN, Garland T (2011) Swimming
performance trade-offs across a gradient in community composition in
Trinidadian killifish (Rivulus hartii). Ecology 92: 170–179.
84. Rouleau S, Gle´met H, Magnan P (2010) Effects of morphology on swimming
performance in wild and laboratory crosses of brook trout ecotypes. Funct Ecol
24: 310–321. doi:10.1111/j.1365-2435.2009.01636.x.
85. Jastrebski CJ, Robinson BW (2003) Natural selection and the evolution of
replicated trophic polymorphisms in pumpkinseed sunfish. Evol Ecol Res 6: 1–
22.
86. Langerhans RB (2008) Predictability of phenotypic differentiation across flow
regimes in fishes. Integr Comp Biol 48: 750–768. doi:10.1093/icb/icn092.
87. Ellerby DJ, Gerry SP (2011) Sympatric divergence and performance trade-offs of
bluegill ecomorphs. Evol Biol 38: 422–433. doi:10.1007/s11692-011-9130-y.
88. Ojanguren AF, Brana F (2003) Effects of size and morphology on swimming
performance in juvenile brown trout (Salmo trutta L.). Ecology of Freshwater Fish
12: 241–246.
89. Seiler SM, Keeley ER (2007) Morphological and swimming stamina differences
between Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri), rainbow trout
(Oncorhynchus mykiss), and their hybrids. Can J Fish Aquat Sci 64: 127–135.
doi:10.1139/f06-175.
90. Li D, Hu W, Wang Y, Zhu Z, Fu C (2009) Reduced swimming abilities in fast-
growing transgenic common carp Cyprinus carpio associated with their
morphological variations. J Fish Biol 74: 186–197. doi:10.1111/j.1095-
8649.2008.02128.x.
91. Angrist JD, Pischke J-S (2008) Mostly Harmless Econometrics. Princeton, NJ:
Princeton University Press. 1 pp.
92. Shalizi CR (2013) Advanced Data Analysis from an Elementary Point of View.
582 pp.
93. Sheehan NA, Didelez V, Burton PR, Tobin MD (2008) Mendelian
Randomisation and Causal Inference in Observational Epidemiology. PLoS
Med 5: e177.
94. Lande R, Arnold SJ (1983) The measurement of selection on correlated
characters. Evolution 37: 1210–1226.
95. Mitchell-Olds T, Shaw R (1987) Regression analysis of natural selection:
statistical inference and biological interpretation. Evolution 41: 1149–1161.
96. Walker JA (2002) Functional morphology and virtual models: Physical
constraints on the design of oscillating wings, fins, legs, and feet at intermediate
Reynolds numbers. Integr Comp Biol 42: 232–242.
97. Dalziel AC, Schulte PM (2012) Correlates of prolonged swimming performance
in F2 hybrids of migratory and non-migratory threespine stickleback ecotypes.
J Exp Biol. 215: 3587–3596.
98. Kingsolver JG, Pfennig DW (2007) Patterns and power of phenotypic selection
in nature. Bioscience 57: 561–572.
Body Shape and Endurance-Swimming Performance
PLOS ONE | www.plosone.org 13 October 2013 | Volume 8 | Issue 10 | e75422
